INTRODUCTION
The transport of aromatic compounds in the cell can be an energy-independent or dependent process (Table S1 , Supporting Information). Energy-independent transport is mediated by concentration gradients and metabolic drag which includes facilitated diffusion through porins located in the outer membrane (Olivera et al. 1998; Mooney, O'Leary and Dobson 2006; Sampathkumar et al. 2010) , biosurfactants (Rosenberg 1986; Phale et al. 1995; Desai and Banat 1997) , changes in the cell-surface properties (Prabhu and Phale 2003; Bastiaens et al. 2000) and/or passive diffusion due to hydrophobic nature of aromatics (Bateman et al. 1986; Locher et al. 1993; Wong, Dilworth and Glenn 1994) . Active transport can be an ATP-dependent ABC transporters (Egland et al. 1997; Hara, Stewart and Mohn 2010) and/or electrochemical gradient (proton motive force) driven. The later process includes paralogs of resistance nodulation division family transporters (Bugg et al. 2000) , tripartite ATP-independent periplasmic transporter (Chae and Zylstra 2006) or aromatic acid-H + symporter of major facilitator super family (MFS, Collier, Nichols and Neidle 1997; Chaudhry et al. 2007; Chang, Dennis and Zylstra 2009) . Benzoate, an aromatic acid, is metabolized via either ortho (β-ketoadipate; Feist and Hegeman 1969) or meta (Nakazawa and Yokota 1973) ring-cleavage pathway. In the ionized form, benzoate is readily soluble in water. Benzoate is reported to be transported in microbes, by passive as well as active transport processes (Table S1 , Supporting Information). Benzoate uptake in Pseudomonas putida strain PRS1 was reported to be active transport and proposed to be driven by membrane potential Wheelis 1976, 1982) . The crystal structure of outer membrane BenF-like porin of P. fluorescens strain Pf-5 was elucidated at 2.6Å resolution (Sampathkumar et al. 2010) . Recently, the presence of nine proteins involved in benzoate degradation was found in outer membrane vesicles obtained from P. putida strain KT2440. These nine proteins included the three transport protein: BenF, BenF-like porin and BenK (Choi et al. 2014) . In Corynebacterium glutamicum, both BenK and BenE are present in equal abundance and were proposed to function simultaneously (Chaudhry et al. 2007; Haussmann et al. 2009 ). The function of BenK as a benzoate transporter was also reported from Acinetobacter sp. strain ADP1 (Collier, Nichols and Neidle 1997) . However, the inducible nature of the transporter genes, biochemical and molecular characterization is not reported so far from pseudomonads.
Pseudomonas putida strain CSV86 metabolizes naphthalene, benzoate, p-hydroxybenzoate, salicylate and phenylacetate (Mahajan, Phale and Vaidyanathan 1994; Basu, Dixit and Phale 2003; Shrivastava, Purohit and Phale 2011) . This strain displays a unique property of preferential utilization of aromatics over glucose and co-metabolism of aromatics and organic acids (Basu, Apte and Phale 2006; Shrivastava, Purohit and Phale 2011; Karishma et al. 2015) . Draft genome analysis revealed that 5% genes are involved in membrane transport processes and 4% in aromatic compound degradation (Phale et al. 2013; Paliwal et al. 2014) . Genes responsible for metabolism and transport of various aromatic compounds are annotated for strain CSV86 (Paliwal et al. 2014) . The current study focused on functional and molecular characterization of the benzoate transport in strain CSV86. Benzoate uptake was found to be inducible, saturable and proton motive force-dependent active transport process. Transcription analysis indicates that genes at ben locus are induced by benzoate, suggesting that they are involved in the benzoate transport and metabolism.
METHODS

Phylogenetic analysis and topology prediction of benzoate transport
The draft genome sequence of Pseudomonas putida strain CSV86 (AMWJ01000000, Phale et al. 2013) was analyzed for various aromatic transporters using tools RAST (Aziz et al. 2008) and PGAAP (http://www.ncbi.nlm.nih.gov/genome/annotation prok/). The phylogenetic analyses of BenF, BenK and BenE were performed using MEGA6 (Tamura et al. 2013) . The amino acid sequences from various organisms of BenF, BenK and BenE were aligned, and neighbor-joining trees (Saitou and Nei 1987) were constructed. The protein topology of BenK and BenE was predicted, a graphical model was generated using Protter server (Omasits et al. 2014) and further modifications were done using TeXtopo commands (Beitz 2000) . Genome sequence of P. putida strain KT2440 was accessed through the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov). Transcriptional promoter analysis was performed using Softberry bacterial promoter prediction program BPROM (Solovyev and Salamov 2011; http://www.softberry.com/all.htm) .
Bacterial culture and growth conditions
Pseudomonas putida strain CSV86 (Mahajan, Phale and Vaidyanathan 1994) was grown in baffled Erlenmeyer flasks on a rotary shaker at 30
• C on minimal salt medium (150 ml) supplemented with 0.1% aromatics, 0.25% glucose or 0.25% succinate as the sole carbon source (Basu, Dixit and Phale 2003) . Two milliliter of fully grown culture on respective carbon source was used as an inoculum.
[ 14 C]-Benzoate uptake assay
Benzoate transport by whole-cells was studied using membrane filtration assay Modak, Bhaumik and Phale 2014) . In brief, cells grown until late-log phase on aromatics, glucose or succinate were harvested by centrifugation (7500 × g for 10 min at 4 
Inhibitor studies on benzoate transport
The effect of various inhibitors on the benzoate uptake was determined by treating pre-warmed benzoate-grown cells with varying concentration of inhibitors (0.2, 2, 5 and 10 mM) for 10 min at 30
• C in a shaking water bath followed by addition of 2 μM [ 14 C]-benzoate and measuring the uptake as described above. Inhibitor compounds used were ATPase inhibitors like sodium orthovanadate, N,Ndicyclohexylcarbodiimide (DCCD); and proton gradient inhibitors like 2,4-dinitro phenol and sodium azide. The stock solutions of DCCD and 2,4-dinitrophenol were prepared in DMSO, while sodium orthovanadate and sodium azide in minimal salt medium. Cells treated with minimal salt medium or DMSO were taken as controls, and the observed uptake values were considered as 0% inhibition.
Cell-free extracts and catechol 1,2-dioxygenase assay
Cells grown on appropriate carbon source until late-log phase were harvested by centrifugation, washed and suspended in 50 mM Tris-Cl buffer (pH 7.5). Cells were disrupted by sonication (four cycles per gram of cells, each cycle of 15 pulses [1 s pulse with 1 s interval], 11 W, with an interval of 5 min between each cycle). The lysate was centrifuged at 30 000 × g for 30 min at 4
• C to obtain clear supernatant, referred as cell-free extract.
Catechol 1,2-dioxygenase activity was monitored as described (Kojima et al. 1967) . Briefly, enzyme reaction (1 ml) contained 50 mM Tris-Cl buffer (pH 7.5), 100 μM catechol and appropriate amount of cell-free extract. The activity was monitoring by measuring the absorbance at 260 nm due to formation of cis,cismuconic acid (ε 260nm = 16 000 M −1 cm −1 ). Protein estimation was done by Bradford method (Bradford 1976 ) using bovine serum albumin as the standard.
Molecular biology techniques
Total RNA was isolated from cells grown on 0.25% glucose or 0.1% benzoate using RNeasy protect bacteria mini kit as per the manufacturer's instructions (Qiagen, Germany). Cell disruption was performed by enzymatic lysis and proteinase K digestion followed by purification of total RNA using the RNeasy mini kit (Qiagen, Germany). DNA removal from the RNA was done by Turbo DNA free Ambion kit (Thermo-Fisher Scientific, USA) as per the manufacturer's instructions with the minor modification (incubation with DNase was prolonged up to 60 min).
Complementary DNA synthesis was performed using DNAfree total RNA as template by SuperScript R III first-strand synthesis system for RT-PCR (Invitrogen, USA) with minor modifications of the manufacturer's instruction. The cDNA synthesis step was prolonged from 50 min to 2 h. The gene specific primers used for cDNA synthesis were:
BenKForward 5 -CATCCCGTTGTTGCTGCTG-3 ; BenKReverse 5 -CCTTGCCCTTGTTGTCGTG-3 ; BenEForward 5 -GTTGTCCCACGAGTTGCTGTC-3 ; BenEReverse 5 -CGAAGGCACCGCTCAGG-3 ; BenFForward 5 -CCCTGACCACCCGCAACTAC-3 ; BenFReverse 5 -GCCTCGCCGTCTTCCTG-3 . The end-point PCR reactions were performed using cDNA as template and above listed primers. The expected PCR product lengths were benK 170 bp, benE 230 bp and benF 235 bp. PCR reaction products were analyzed by 1.8% agarose gel electrophoresis followed by ethidium bromide staining. The PCR products were purified using gel elution kit (Sigma, USA) and sequenced at Eurofins (Mumbai, India). 
Calculations and statistical analysis
RESULTS AND DISCUSSION
Bioinformatics analysis
Soil isolate Pseudomonas putida strain CSV86 utilizes aromatics preferentially over glucose (Basu, Apte and Phale 2006) . Draft genome analysis and annotation identified genes encoding putative transporters for benzoate, p-hydroxybenzoate, phenylacetate, p-hydroxyphenylacetate and vanillate ( Fig. 1A ; Table 1 ). Strain CSV86 utilizes these compounds as the carbon source and their metabolic pathways were reported to be inducible (Basu, Dixit and Phale 2003; Shrivastava, Purohit and Phale 2011) . Genes responsible for the transport and metabolism were found to be in close vicinity (Fig. 1A) Fig. 1A , Table 1 ). catA (present as a single copy in the draft genome) encodes catchol 1,2-dioxygenase, an inducible enzyme involved in the benzoate metabolism (Basu, Dixit and Phale 2003) and is flanked by benK and benE. It showed 79% amino acid identity with functionally characterized enzyme from P. putida strain mt-2 (Nakai, Nakazawa and Nozaki 1988) . Promoter analysis of benzoate transport and metabolism genes in strain CSV86 suggests that they are arranged into four probable transcription units comprising (i) catBC, (ii) benABC, (iii) benD and (iv) benK-catA-benE-benF (Fig. 1B) . On the other hand, in P. putida strain KT2440 these genes were arranged as 2 probable transcription units: (i) benABCDK-catA-benE and (ii) benF. The catechol degradation genes catBCA, which encode for muconate cycloisomerase, muconolactone isomerase and catechol 1,2-dioxygenase, respectively, were found to present 760 kbp downstream of benF on the complementary strand in strain KT2440 as compared to strain CSV86 where only catBC were present 1.3 kbp upstream of benR on the same strand. The presence of a gene encoding hypothetical protein was observed in between benR and benA in strain KT2440, this gene was absent in strain CSV86.
BenF from strain CSV86 showed 47% amino acid identity with structurally characterized BenF from P. fluorescens strain Pf-5 (Sampathkumar et al. 2010 ) and putative BenF from P. putida strain KT2440 and clustered distinctly as compared to other pseudomonad porins ( Fig. 2A) . In bacteria, the majority of transporters belong to either ABC ATPase transporters or MFS membrane potential-driven families (Paulsen, Sliwinski and Saier 1998) . Two putative inner membrane proteins BenK and BenE from strain CSV86 shared only an insignificant 12% identity at the amino-acid sequence level among themselves. Phylogenetic analysis of BenK and BenE revealed that these proteins belong to distinct clusters (Fig. 2B) . BenK from strain CSV86 clustered with BenK from P. entomophila strain L48, Pseudomonas sp. strain C5pp, P. putida strain BIRD-1, P. putida strain KT2440 and P. monteilii with 88% amino acid identity. BenE clustered with other BenE sequences from Pseudomonas sp. strain C5pp (81% identity), P. putida strain BIRD-1, P. putida strain KT2440 and P. monteilii (79% identity) and P. entomophila strain L48 (77% identity). The involvement of benE and benK as transporters from P. putida strain KT2440 and Corynebacterium glutamicum has been demonstrated (Nishikawa et al. 2008; Wang et al. 2011) . Benzoate transport proteins from pseudomonads were found to be clustered together, whereas those from Acinetobacter and Corynebacterium clustered separately (Fig. 2B) . Table 1 , while those involved in metabolism are described by Paliwal et al. (2014) . (B) Comparison of benzoate utilization system of P. putida strains CSV86 and KT2440. Arrows indicate genes encoding putative transcription regulators (yellow), catechol metabolism (pink), benzoate metabolism (blue), benzoate transport (green) and hypothetical protein (gray). The red and blue lines indicate predicted -10 and -35 transcriptional promoter regions, respectively. The upper and lower numbers indicate intergenic distances and gene lengths (bp) respectively.
* The distance between benF and catB in strain KT2440 is 760 kbp. Protein topology prediction of BenK from strain CSV86 has 12 transmembrane (TM) α-helices with N-and C-terminal residues in the cytoplasm (Fig. 2C) , similar to BenK (34% amino acid identity) from C. glutamicum (Chaudhry et al. 2007 ). The identified residues in the cytoplasmic loops (G80, D84 and D312) and hydrophobic TM regions (D35, R119 and R386; Wang et al. 2011) from C. glutamicum were present at comparable positions in BenK from strain CSV86 (Fig. 2C) . E139 located in the TM helix in BenK from C. glutamicum was predicated to be present in the cytoplasmic loop (E136 in BenK from strain CSV86). In aromatic Figure 2 . Bioinformatic analysis of putative benzoate transporter from P. putida strain CSV86. Phylogenetic analysis of (A) BenF, benzoate-specific porin and (B) BenK and BenE, benzoate transporters. The evolutionary history was inferred using the neighbor-joining method (Saitou and Nei 1987) . All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013) . The BenF tree is rooted, however, BenK and BenE are unrooted. (C) Protein topology prediction for BenK and BenE using Protter (Omasits et al. 2014) . Red circles represent amino acid residues present in the cytoplasmic loops, while blue circles represent amino acid residues in the periplasmic loops. Bold face numbers indicate the transmembrane helices. IM indicates the inner membrane. In BenK topology model, green diamonds represent residues responsible for the transport activity in C. glutamicum (Wang et al. 2011 ) and found to be conserved in strain CSV86 at equivalent positions. cells grown till mid to late-log phase at 30
• C on Ben (0.1% benzoate for 9 h), Sal (0.1% salicylate for 7 h), Naph (0.1% naphthalene for 7 h), pHPAA (0.1% phydroxyphenylacetate for 9 h), pHB (0.1% p-hydroxybenzoate for 9 h), Glc (0.25% glucose for 22 h) or Succ (0.25% succinate for 7 h) as the sole carbon source. Cells grown on benzoate showed [ 14 C]-benzoate uptake rate of 125 pmole min −1 mg −1 cells were considered as 100%. The P value obtained by paired Student's t test was < 0.001, indicating that benzoate uptake by benzoate-grown cells to be statistically significant. Each experiment has been done independently three times with triplicate or quadruplet measurements. Each point or bar in the graph represents the mean values with standard error amongst the three individual experiments.
acid-H + symporter subfamily, the sequence (LADRFGRKR) in hydrophilic loop between TM α-helix 2 and 3 was reported to be conserved (Pao, Paulsen and Saier 1998) . Analysis of BenK from Pseudomonas strains CSV86, KT2440, L48 and DSM10701 showed identical conserved sequence LADRIGRKK (Fig. 2C) suggesting the conservative replacement of amino acids F and R with I and K, respectively. Topology prediction of BenE showed 11 possible TM α-helices with the N-terminus in the cytoplasm and the Cterminus in the periplasm (Fig. 2C ) similar to that reported for BenE of C. glutamicum (Chaudhry et al. 2007) . Bioinformatic analysis suggests that four genes at the ben locus encode putative benzoate transport and metabolism proteins.
Benzoate uptake studies Fig. 3A . In the early log phase, uptake was found to be 10 pmole min −1 mg −1 cells which increased significantly to 162 pmole min −1 mg −1 cells in the late log phase (9 h) and remained high during the stationary phase. Cells grown on naphthalene (0.07%), p-hydroxybenzoate (0.9%), p-hydroxyphenylacetate (0.6%), succinate (0.05%) and glucose (0.7%) showed negligible benzoate uptake (Fig. 3B) Fig. 4A . The K m was calculated to be ∼ 4.5 ± 0.5 μM with V max of 404.4 pmole min −1 using 'Michaelis-Menton, Hills model' with an 'n' value of 1.9. This indicates the presence of positive co-operativity and presence of two or more binding sites. In P. putida strain PRS1, K m for benzoate transport was reported to be 20 μM (Thayer and Wheelis 1982) suggesting that strain CSV86 harbors a relatively highaffinity benzoate transporter. In C. glutamicum, the observed K m for benzoate transport was 1.1 μM (Wang et al. 2011) . In Alcaligenes denitrificans strain BRI 3010, the K m of benzoate transporter was reported to be 1.4 μM, whereas A. denitrificans strain BRI 6011 displayed biphasic saturation kinetics exhibiting two K m values of 0.72 and 5.3 μM suggesting the existence of high and lowaffinity system (Miguez et al. 1995) .
Energy requirement for the active benzoate transport
The majority of active transport processes are driven by either ATP hydrolysis or the proton motive force (electrochemical gradient) across the inner membrane (Pao, Paulsen and Saier 1998) . In strain CSV86, electrochemical gradient disrupters like DNP inhibit benzoate transport (90%) at lower concentration (0.2 mM) as compared to ATP hydrolysis inhibitors (Fig. 4B) . Among proton gradient disrupters, DNP at 2 mM concentration showed ∼95% inhibition as compared to ∼50% by sodium azide. ATPase inhibitors, sodium orthovanadate and DCCD at 2 mM concentration showed less inhibition (∼2% and ∼13%, respectively, Fig. 4B ), whereas 80% inhibition of benzoate transport was observed by DCCD in P. putida strain PRS1 at 1.8 mM (Thayer and Wheelis 1982) . DNP displays significantly high inhibition (90%) observed at low concentration (0.2 mM) indicating that DNP completely inhibits benzoate transport, whereas sodium orthovanadate and DCCD do not show significant inhibition. P value for DNP and azide were <0.001 suggesting significant difference i.e. inhibition by these inhibitors. These results suggest that the energy required for the benzoate transport in strain CSV86 was derived primarily from the proton motive force.
Expression analysis of ben locus in Pseudomonas putida strain CSV86
At the genome level, strain CSV86 showed the presence of genes encoding for an outer membrane protein (benF) and two inner membrane benzoate transporters (benK and benE). Both these transporters might contribute to the transport of benzoate across the inner membrane. The expression of these genes in strain CSV86 cells grown on benzoate or glucose was studied.
Compared to glucose, benzoate-grown cells showed significant amplification of benF, benK and benE mRNA (Fig. 5) . Catechol 1,2-dioxygenase enzyme activity was significantly higher in benzoate (150 ± 15 nmoles min −1 mg −1 ) as compared to glucose (3 ± 0.6 nmoles min −1 mg −1 ) or succinate (3.2 ± 1 nmoles min −1 mg −1 ) grown cells. These results suggest that benzoate transport and metabolism genes at ben locus of strain CSV86 were inducible and BenK as well as BenE might contribute to the benzoate transport.
In conclusion, P. putida strain CSV86 harbors carbon-source specific inducible, active benzoate transport primarily driven by the proton motive force. cDNA expression analysis suggests that ben locus is inducible and both the BenK and BenE are probably involved in the benzoate uptake across the inner membrane. It will be interesting to study the transporters involved in aromatics, their functional properties so as to understand the transport process in detail. These studies will further help to understand the mechanism involved in the preferential utilization of aromatics by P. putida strain CSV86 at the molecular level.
